We discuss the relation between M theory and type II string theories. We show that, assuming "natural" interactions between membranes and fivebranes in M theory, the known interactions between strings and D-branes in type II string theories arise in appropriate limits. Our discussion of the interactions is purely at the classical level. We remark on issues associated with the M theory approach to enhanced gauge symmetries, which deserve further investigation.
Introduction
The idea that string theory should be reformulated in terms of an eleven dimensional theory, whose low energy limit is eleven dimensional supergravity, has been revived in the past year in the form of M theory. Even though the fundamental formulation of this theory is still not known, the assumption of its existence has led to a simpler understanding of many types of string dualities whose origin is otherwise obscure. It is thus tempting to believe that a consistent quantum description of M theory does indeed exist. This is also suggested by the possible "definition" of M theory as the strong coupling limit of the type IIA string theory.
In this paper we discuss the relationship between M theory and type II string theories.
We will try to learn from string theory more about the fundamental formulation of M theory. The original motivation for an eleven dimensional origin for string theory came from the existence of a supergravity theory in eleven dimensions, which reduces to the type IIA supergravity theory upon dimensional reduction to ten dimensions. This suggests that the low energy effective description of M theory should be eleven dimensional supergravity, but says nothing about its fundamental objects. The major advance in the past year came from the realization that the BPS saturated p-branes of string theory, both perturbative and solitonic, may all be described by assuming the existence of a membrane and a fivebrane in M theory [1, 2, 3] . The membrane couples to the 3-form field of eleven dimensional supergravity, while the fivebrane couples to its dual. The low-energy effective actions for the extended BPS saturated p-branes in string theory were also connected to M theory [4, 5] , by assuming that the action of the membrane is just the supermembrane action [6] , and that the fivebrane is the solitonic fivebrane of eleven dimensional supergravity. All of these relations were derived at the level of the effective action. For this it does not matter whether the membrane, for instance, is fundamental (as in supermembrane theory), or whether it is a solitonic p-brane of some deeper fundamental theory. The first possibility is supported by the fact that the solitonic solution of eleven dimensional supergravity corresponding to the membrane is singular.
Our goal in this paper is to take the relation between M theory and string theories beyond the level of the spectrum, and discuss the interactions in the two theories. We will assume that the interactions of membranes in M theory are correctly described by supermembrane theory, and that the fivebranes in M theory may be described as D-branes on which membranes may have boundaries [7, 4, 8] . Our discussion of RR p-branes in string theory will be based on their formulation by Polchinski [9] as boundaries for open strings (see [10] for a recent review). Of course, since we have no quantum formulation of supermembrane theory, our discussion throughout this paper will be purely classical. Since interactions necessarily involve non-BPS saturated states, quantum corrections could be important. However, at the classical level we will be able to show, using known results, that by assuming the above natural interactions in M theory we get the correct interactions between strings and p-branes (for p ≤ 4) when we go over to the string theory limit. We believe that this presents stronger evidence for the existence of a quantum M theory, whose classical limit gives supermembrane theory, at least as an effective action. This could be some version of supermembrane theory which avoids the problem of the continuous spectrum (such as a membrane with thickness [1, 11] ), a string theory for which the membrane action is a low-energy effective description [12] , or a completely different theory which we
have not yet been able to imagine.
In section 2 we describe the known relations between M theory and type IIA string theory, and show how they lead to the same interactions in the two theories. In section 3 we perform the same analysis for the type IIB string theory in ten dimensions. In section 4 we discuss some issues, associated with the description of D-branes in string theory, whose M theory interpretation is still unclear. Understanding these issues may help toward the formulation of M theory. We end in section 5 with a summary and some open questions.
Interactions of type IIA string theory from M theory
The simplest relation between M theory and a string theory arises when we compactify one dimension, which we will denote by X 11 , on a circle of radius R 11 . In the limit of small R 11 , this is believed to lead to the ten-dimensional type IIA string theory, with a string coupling e φ A proportional to R 3/2 11 [1, 2] (we will ignore numerical constants throughout this paper, as well as the tensions of the string and of the membrane which set the scale in relations of this type). We will begin this section by reviewing the evidence for this relationship, and continue by generalizing it also to the interactions of the type IIA string with D-branes.
The simplest evidence for the relation between M theory and type IIA strings comes from the low-energy effective action. It is just the statement that the dimensional reduction of 11 dimensional supergravity gives 10 dimensional type IIA supergravity, when we identify the 11 dimensional metric with the 10 dimensional metric, RR 1-form and dilaton by g (11) mn dx m dx n = e −2φ A /3 g (10) µν dx µ dx ν + e 4φ A /3 (dx 11 − A µ dx µ ) 2 (2.1) (throughout this paper we will use m, n, · · · for 11 dimensional indices, µ, ν, · · · for 10 dimensional indices, and α, β, · · · for 3 dimensional indices on the worldvolume of the membrane). We assume, as usual, that none of the background fields depend on X 11 . The 2-form B µν and 3-form A µνλ of type IIA string theory are related to the 3-form A M mnk of 11 dimensional supergravity simply by A µνλ = A M µνλ and B µν = A M µν11 . For this relation between the theories we need only to use the fact that the low-energy effective description of M theory is given by 11 dimensional supergravity.
Additional evidence for the relation between M theory and type IIA string theory comes from the identification [1, 2, 3] of the BPS saturated p-branes of the two theories, for p ≤ 6 3 , and of the effective actions describing these p-branes. For this we need to assume a particular spectrum of p-branes in the 11 dimensional M theory, as well as the effective actions describing them. It turns out that the identification goes through if we use the membrane and fivebrane 4 of supermembrane theory [6] as the only BPS saturated p-branes of M theory.
First, it has long been known [14] that the double dimensional reduction of the supermembrane worldvolume theory gives the type IIA superstring worldsheet theory, at least on the classical level (our discussion throughout this paper will be purely classical, since we do not know how to quantize supermembrane theory). Thus, a supermembrane for which one worldvolume coordinate is always wrapped around X 11 is, at least classically and in the R 11 → 0 limit, exactly the same as a type IIA superstring.
A more complicated identification relates a supermembrane which is not wrapped around X 11 with the D-2-brane of type IIA string theory. The two effective actions in this case turn out to be the same [4, 5] if we perform a three dimensional duality transformation 3 The issue of p-branes with p > 6 and their relation to M theory is more complicated [3, 13] and will not be discussed here. 4 To avoid unnecessary confusion, we will use the word "fivebrane" to describe the 5-brane of M theory, and the word "5-brane" to describe the 5-branes of string theory. The word "membrane" or "supermembrane" will denote the 2-brane of M theory, and the word "2-brane" will denote the 2-brane of string theory.
on the worldvolume of the membrane, transforming the scalar X 11 into a vector field A α .
Since the only dependence of the supermembrane action on X 11 is through its kinetic term, we can treat w α = ∂ α X 11 as a fundamental field if we add to the action a Lagrange multiplier term of the form ǫ αβγ Λ α ∂ β w γ . By solving the equation of motion of w γ we find 
µν and
up to factors involving the metric on the supermembrane which we ignore. The fermionic terms in (2.2), and throughout the paper, are suppressed, but we do not expect their analysis to present any fundamental difficulties. They should just supersymmetrize the bosonic terms. Note that the holonomy of the gauge field, when the 2-brane has topologically non-trivial cycles, is not determined by this transformation. Other global issues involved in this transformation are discussed below.
The D-4-brane and NS 5-brane of type IIA string theory are similarly related to the wrapped or unwrapped "magnetic" fivebranes of M theory [3, 4] . In this case an exact expression for the effective worldvolume action of the fivebrane is not available, since it involves a self-dual 3-form field strength. However, the fields along the D-4-brane and the NS 5-brane are correctly given by the double and single dimensional reductions of the "magnetic" fivebrane fields. The tensions of these p-branes, as well as the tensions of the string and membrane described in the previous paragraphs, also have the correct dependence on the string coupling constant [3] , using the relations between their descriptions in M theory and in string theory and equation (2.1).
The other BPS saturated p-branes of the type IIA string theory with p ≤ 6 are the Dirichlet 0-brane and 6-brane. These arise in M theory as "electric" and "magnetic"
Kaluza-Klein excitations [2, 3] . The 0-branes are characterized just by their mass, which is the same in both of their interpretations [2] . For the 6-branes the tensions in both interpretations are proportional (in the string metric) to e −φ A , but their effective actions have not been identified as far as we know.
The next step after identifying the spectrum of the two theories should involve checking the interactions of the various p-branes. The basic interactions of supermembranes in supermembrane theory are geometrical splittings and joinings of the membranes, like in superstring theory. An important difference between the two theories is that in 11 dimensional supermembrane theory there is no dimensionless coupling constant, so any "interaction vertex" is necessarily of order one, and it is not clear how to define a perturbative expansion. However, once we introduce a small compactification radius, we have a small dimensionless coupling in the theory (which is just the radius in units determined by the supermembrane tension), and it is meaningful to talk about vertices of p-branes which wrap around this small dimension, since these become weakly coupled. Another difference between membranes and strings is that free membranes can smoothly change their topology (in space). Such topology changes will be involved in some of the interactions described below, such as the generation of a "virtual" open string on a 2-brane.
Let us start with the string and 2-brane of type IIA string theory, both of which arise from the supermembrane in 11 dimensions. A diagram for the interaction of strings (in 10 dimensions) may be transformed into a diagram of membranes in M theory just by replacing each point in the diagram by a circle wrapped around the eleventh dimension.
Since the tensions of the string and membrane are related simply by T S = T M 2πR 11
(when both are written in the same metric [3] ), it is obvious from the Nambu-Goto form of the action that the action associated with any diagram is the same in both descriptions.
The only subtle issue here is the dependence of the diagram on the string coupling (or the dilaton), since when one performs the double dimensional reduction of the supermembrane action [14] , one gets the string action coupled to the g (10) µν and B µν fields but not to the dilaton. This is, of course, to be expected since this reduction is purely classical, and the dilaton term is of higher degree in α ′ than the others. From the point of view of M theory the dilaton is just a Kaluza-Klein scalar field. We expect a correct quantum treatment of this reduction to give also the dilaton term. It is, however, not clear how to do this rigorously, since the supermembrane worldvolume action is generally not renormalizable.
The other interaction of membranes which we can discuss at weak coupling is the interaction of a string with a 2-brane in the type IIA string theory. In the string theory, this interaction is described [9] simply by allowing the string to end on a 2-brane, as in figure 1, where we took the 2-brane to be spherical.
Fig. 1
The end of the string behaves (inside the 2-brane) as a particle charged with respect to the gauge field on the surface of the 2-brane. In order to get the corresponding interactions in M theory, we should look at diagrams of membrane interactions which include a region in which the membrane is wrapped around X 11 . The string in figure 1 should be replaced by such a wrapped membrane, joined smoothly to the rest of the membrane. When we take R 11 to zero, this becomes just the interaction of the string with the 2-brane. The only thing left to check is that the end of the "string" behaves like a charged particle with respect to the gauge field living in the unwrapped part of the membrane. The end of the "stringy" part of the membrane is topologically a circle in the rest of the membrane, which is wrapped around X 11 . Thus, if we perform an integral dx α ∂ α X 11 around the end-point of the string, it will be a non-zero constant (namely, 2πR 11 ). However, the identification of the 2-brane action with the membrane action (2.2) means that this is proportional to ǫ αβγ (F βγ − B βγ )dx α which is just the electric flux emanating from the end-point of the string. Thus, we have shown that the interactions of strings and 2-branes in type IIA string theory are correctly described by M theory. In both cases the effective action describing the interaction includes a part corresponding to the separate actions of the string and the membrane (which are identified as above), and a contribution from the boundary of the string, or the interaction region between the membranes, which (in the R 11 → 0 limit) is just the action for the motion of a charged particle.
Next, we should add the fivebranes of M theory. These play the same role in M theory as the D-branes in string theory [7, 4, 8] . The membranes can have a boundary along a fivebrane, and it behaves (in the 5 + 1 worldvolume theory of the fivebrane) as a string which is charged with respect to the 2-form field living on the fivebrane (the "self-dual string" of Duff and Lu [15] ). From here we can easily see the interactions of the type IIA string with 4-branes and 5-branes. The interaction of the type IIA string with a 4-brane is just the double dimensional reduction of the interaction of a membrane with a fivebrane [4] , with both worldvolumes wrapped around X 11 . The boundary of the membrane becomes the boundary of a string, and it is charged with respect to the gauge field of the 4-brane (which is the dimensional reduction of the 2-form field on the fivebrane), as desired. We find no similar interactions between the string and the 5-brane, since the end of a "stringy" membrane is a circle wrapped around X 11 , and there are no such cycles in the unwrapped fivebrane. This is consistent with the absence of such interactions between the string and the NS 5-brane in the type IIA string theory. There will be more complicated interactions between the string and the 5-brane when the radius of the eleventh dimension is non-zero, which will lead to scattering of strings and 5-branes, and it would be interesting to compare these with the corresponding interactions in string theory. To compute these we require a conformal field theory description of the NS 5-brane, perhaps along the lines of [16] .
The other interactions which have a simple description in the type IIA string theory are between the string and the 0-brane and 6-brane. The 0-brane can be viewed simply as a collapsed membrane [4, 8] , ensuring that its interactions are also the same in string theory and M theory. In fact, since an open string with both ends on a 0-brane is just a closed string, there are actually no interactions between strings and 0-branes, at least at the level of the low-energy effective action. This is clear both in the string picture, since there are no new string sectors, and in the membrane picture, since the 0-brane may be viewed as a membrane whose size has gone to zero. We did not check the interactions of the Kaluza-Klein "magnetic" 6-brane of M theory on a circle with membranes, but we expect that they will also give rise to the correct interactions of strings with 6-branes.
Other interactions (such as interactions of 2-branes with themselves) cannot be seen at weak coupling in string theory, hence we cannot compare them. We expect that M theory will also have interactions between fivebranes, but we do not know how to describe these in M theory or in string theory, so obviously we cannot compare them.
Interactions of type IIB string theory from M theory
The other string theory which is simply related to M theory is the type IIB theory (for other theories we need to put M theory on an orbifold, and it is not clear how the twisted sectors should be defined in M theory, though there is by now a certain amount of experience with orbifolds [17, 18] which should hint at the appropriate definition). To reach type IIB string theory, we compactify two of the dimensions of M theory on a torus.
By the analysis of the previous section, this is just type IIA string theory on a circle, which is known to be related by T duality to type IIB string theory on a circle [19] . By performing this duality, we find [3] that M theory on a torus of area A T and of modular parameter τ seems equivalent to type IIB string theory on a circle of radius R B ∼ A which equals τ . Note that here we do not need to take the compact dimensions to zero in order to get a weakly coupled string theory, since the string coupling depends only on the modular parameter of the torus. We should, however, take the size of the torus to zero (with a constant modular parameter) in order to get the type IIB string theory in ten dimensions (since then R B → ∞), and this is the case we will analyze here. This means that in the context of M theory, the "stringy" description is in fact exact for type IIB theory in ten dimensions, while for type IIA it is only a small coupling (small radius) approximation. The SL(2, Z) duality of the type IIB string theory obtains through this construction a geometrical interpretation, as the group of modular transformations of the torus on which M theory was compactified [20, 3] .
The identification between M theory on a torus and type IIB theory is based on the same type of evidence as described above for the type IIA theory. In fact, since the relation of type IIA and type IIB theories on a circle via T duality is well understood (also for the pbranes of the two theories), the identification of the type IIA theory is apparently sufficient in order to identify the type IIB theory as well. However, the weak coupling limits of the type IIB theory (in which we understand it as a string theory) are not necessarily related to weak coupling limits of the type IIA theory. Thus, more checks are actually necessary, since our identification of the interactions above was just for weak coupling. In any case, some interactions look different in the type IIB theory, so it is worthwhile to repeat the whole analysis above on the description of the p-branes and of their interactions.
The simplest p-branes in the type IIB theory are the bound states of strings and Dstrings [21] . For every pair of coprime integers (n, m) there exists a BPS saturated bound state of n fundamental strings and m D-strings, whose worldsheet low-energy effective action is essentially that of the type IIB string. In the M theory, these are [3] identified with membranes with the topology of a torus, one of whose cycles is wrapped n times around one cycle of the space-time torus and m times around the other cycle 5 . As described in the previous section, this gives a string with the type IIA string action in 9 dimensions, which after the T duality becomes the type IIB string action as desired. Membranes which are not wrapped around any cycle of the torus become wrapped around the circle of type IIB theory after the T duality transformation, so that they are not visible in ten dimensional type IIB theory (we will limit ourselves here only to a discussion of the states which remain in the limit of R B → ∞). Membranes which are completely wrapped around the torus are identified [3] with Kaluza-Klein particles of type IIB theory on a circle. In the tendimensional limit these become part of the ten dimensional fields. Thus, the (n, m) strings are all that remain of the membrane after compactifying the space-time on a very small torus. The fivebrane, on the other hand, must be wrapped around both cycles of the torus to give a state of ten dimensional type IIB theory (it must of course have an appropriate topology for this). The difference between the two arises from the different properties of NS and R branes under T duality, as can be seen from their type IIA description. The fivebrane wrapped around the torus gives an SL(2, Z) invariant 3-brane in the type IIB theory, which should be identified with the D-3-brane of this theory. The effective action of the D-3-brane is the supersymmetric generalization of the Born-Infeld action in 3+1 dimensions. Its low-energy limit is just N = 4 U (1) gauge theory in 3+1 dimensions [22, 23] , which is known to be SL(2, Z) invariant. As far as we know, this action has not yet been derived from the double dimensional reduction on a torus of the fivebrane of M theory, but essentially this should be just the supersymmetric generalization of the dimensional reduction of [24] . Using this reduction, the integrals of the 2-form field of the fivebrane around the two cycles of the torus give the electric and magnetic fields on the worldvolume of the 3-brane (recall that the 2-form is self-dual, so that the two integrals do not give independent 1-forms). If the fivebrane is wrapped n times around the torus, the low-energy effective description should be given by the N = 4 U (n) gauge theory [21, 23] , which is also believed to be SL(2, Z) invariant.
The other BPS saturated p-branes in the type IIB theory (with p ≤ 6) are the 5branes, which are also labeled by two coprime integers n and m. These arise in M theory as Kaluza-Klein "magnetic" branes [3] , like the 6-brane in the type IIA theory, and we will not discuss them further here.
Next, let us move on to the interactions, beginning with the interactions between a string and a 3-brane in the type IIB theory. These arise from membrane-fivebrane interactions in M theory, like the string-4-brane interactions described in the previous section. In this case any (n, m) string can end on the 3-brane (which is a fivebrane wrapped around the torus), since the end-cycle of the appropriate "stringy" membrane is wrapped around the (n, m) cycle of the torus, and all such cycles exist in the fivebrane when it is wrapped around the torus. The end-point of such a string describes (in the 4 dimensional effective theory of the 3-brane) a dyon with electric charge n and magnetic charge m The interactions of strings of a particular type (n, m), when the coupling is such that these strings are weakly coupled, arise from M theory in the same way as the interactions of type IIA strings described above. More interesting is the interaction between strings of different types, for instance between a (1, 0) fundamental string and a (0, 1) D-string when the fundamental string is weakly coupled (the generalization to general strings is straightforward). Let us look at a generic interaction in the type IIB string theory, such as the scattering of a string on a D-string [25] , described (in spacetime) in figure 2.
Fig. 2
When a fundamental string has end-points on a D-string, these are charges on the worldsheet of the D-string, so that there is a constant electric field between the two endpoints. Thus, according to the description of D-strings in [21] , the portion of the D-string between the two end-points is actually a (1, −1) string, and the time slices of the interaction actually look as in figure 3a (taking the D-string also to be a finite closed string). How can we understand such an interaction from M theory ? In the beginning we have two toroidal membranes, one with a cycle wrapped around the (1, 0) cycle of the spacetime torus and another with a cycle wrapped around the (0, 1) cycle of the spacetime torus. Then, they join together to give a genus 2 surface, as in figure 3b.
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When we take the spacetime torus to zero, the stringy description of this interaction becomes exactly that of figure 3a. The "middle" cycle (denoted by C in figure 3b ) of the genus 2 surface is homologically the difference between the cycles A and B, and thus is wrapped around the (1, −1) cycle of the spacetime torus, as desired. Thus, the basic interactions of strings and D-strings are also correctly described by the basic interaction between membranes in M theory.
Remarks on enhanced gauge symmetries in M theory
The description of D-strings in M theory, as in the previous section, seems very different from their description in [21] . Witten described the effective theory of the (n, m) string as a U (n) gauge theory with m quarks at infinity. However, since for coprime n and m this theory is believed to have a mass gap, the low-energy degrees of freedom (which are the only ones we are discussing here) are only those in the U (1) gauge superfield (including the scalars corresponding to the position of the D-string), which we get also from the M theory description. As we discussed in the previous section, we can replace one of the compact dimensions of the torus by a gauge field on the worldvolume of the membrane. When we go over to the string picture, this becomes a gauge field on the worldsheet of the D-string, which has (in the "stringy" limit) a constant value corresponding to the winding number around the appropriate compact dimension. Thus, we get exactly the same description as in [21] .
However, we should also be able to discuss configurations of n (1, 0) D-strings (for instance). According to [21] , such configurations are described by a U (n) gauge theory on the worldsheet of the D-string. How does this arise in M theory ? In string theory, when we have two parallel D-strings, we get a W-boson state from an open fundamental string connecting the two. In M theory, therefore, we expect a "wormhole" configuration between the two membranes to give rise to the enhanced gauge symmetry. Whenever two membranes touch each other, the worldvolume scalars describing the position of the two membranes should become a 2 × 2 matrix [21] . Perhaps this can be understood by examining the possible interactions of the two membrane sheets at this point. Even though in string theory there is no geometrical interpretation of this phenomenon, we believe that such an interpretation may be possible in M theory, but we have not been able to find it. Another possibility is that the enhanced gauge symmetry may only be understood in M theory at the quantum level. This is reasonable, since the additional states appear in the effective action only when the distance between the D-branes is much smaller than the appropriate "Planck length". Since we do not know how to quantize the M theory, it is difficult to explore this possibility. Note that the same mechanism should give the enhanced gauge symmetry for the D-strings in the type IIB theory and for the D-2-branes of the type IIA theory discussed in the previous section. For fivebranes in M theory the enhanced gauge symmetry arises [7] from tensionless strings [26] which appear when the distance between the fivebranes goes to zero. The winding states of these strings become additional gauge bosons. In string theory this leads to the enhanced gauge symmetries which occur for the D-4-branes of the type IIA theory and for the D-3-branes of the type IIB theory. Perhaps we may be able to understand the analogous problem for membranes in a similar way, since the boundary of one membrane on another membrane is also a string, whose tension goes to zero when two membranes approach each other.
The enhanced symmetry described above should arise only for two membranes which have the same orientation. Membranes with different orientations go over, in the string theory, to a D-brane anti-D-brane pair, and then we expect a tachyonic instability to develop when they approach each other [27] . Obviously, the geometry of the connecting "wormholes" is different in the two cases. Hence, it is possible that such an instability may indeed exist for oppositely oriented membranes, but we do not know how to derive it from M theory. Presumably, it can only be seen in the quantum theory which we do not yet know how to formulate.
At this point we should comment that if the SL(2, Z) symmetry of type IIB string theory is exact (this is obvious if the type IIB string is indeed exactly described by M theory on a torus), there should be no difference between the fundamental string and the D-string. Any apparent difference between the two must come from the fact that one of them is (in the usual description) weakly coupled, while the other is strongly coupled.
Differences which do not depend on the string coupling, for instance in the spectrum of BPS saturated states, cannot exist. At weak coupling it seems that the string worldsheet action is fundamental, while the D-string worldsheet action arises from open strings coupled to the D-string. A reciprocal picture should give the correct description at strong coupling. As described in the previous section, the interactions of the strings and of the D-strings seem to be the same. Thus, the gauge field which appears in the effective theory of the D-string and not in the fundamental theory of the string does not play any dynamical role. One of the apparent differences between strings and D-strings is that for n D-strings which sit on top of each other we get an enhanced U (n) gauge group, while no similar phenomenon is known for fundamental strings. This leads, for instance, to the fact [10] that there is no distinction between a D-string wrapped twice around a space-time circle or two D-strings wrapped once around the same circle. For fundamental strings the corresponding perturbative states are clearly distinct. So far we have not understood how to get this enhanced gauge group from M theory, but it seems that if it arises for D-strings it should arise also for fundamental strings, since the description of the two in M theory should be the same. It does not seem reasonable, though we have not been able to rule out this possibility, that this gauge symmetry would only arise for strongly coupled strings. Of course, in strong coupling the additional states giving rise to the enhanced gauge symmetry may be described by open D-strings connecting the fundamental strings. This is just the SL(2, Z) dual of the picture described in [21] .
Summary and future directions
In this paper we examined the correspondence between the interactions in M theory and in type II string theories. We found that the basic interactions between membranes and membranes and between membranes and fivebranes in M theory give rise to the known interactions of strings and D-p-branes (with p ≤ 4) in type II string theory, in appropriate weak coupling limits. Our discussion was limited to the p-branes which arise from the membrane and fivebrane in M theory. It would be interesting to generalize the discussion to include also higher p-branes, such as those which arise as Kaluza-Klein states. In ten dimensions p-branes with p > 6 affect the asymptotic form of the metric (at least when they are flat), so that they cannot appear in flat ten dimensional spacetime. Thus, to discuss them we need to study M theory on curved space. Another possible generalization of our work is to orbifolds of M theory [17, 18] , which are believed to describe heterotic strings. The analysis of the bulk interactions in these theories is similar to the analysis we performed here, but new issues arise at the orbifold fixed points, which are beyond the scope of this paper. Type I strings also appear in some of these theories, which are not BPS saturated states [28, 17] . It is not clear how to analyze the interactions of these strings in M theory.
Our analysis was limited, by the level of our knowledge of M theory, to a classical analysis of low-energy effective actions. It is not clear if anything can be done beyond this level without knowing a quantum formulation for M theory. Perhaps a systematic analysis of the membrane corrections to type IIA string theory at non-zero coupling, for instance, may be possible just by assuming that M theory is supermembrane theory. Even at the low-energy level, the description of some string theory effects, such as enhanced U (n) gauge symmetry, in M theory is still not clear. These effects may arise only at the quantum level, but they may also correspond to classical effects which have not yet been investigated. In any case, we hope that our work will lead to a better understanding of M theory and of the correct way to formulate it.
We whose solutions give p = 2 or p = 3. If p = 5 there is an additional possibility of having a self-dual or anti-self-dual 2-form. This halves the number of degrees of freedom in the 2-form and leads to the additional solution p = 5. Allowing additional worldvolume gauge fields does not add any new solutions. The solutions p = 2, 5 correspond to the known p-branes of M theory, but the interpretation of the p = 3 solution is not clear. Of course, such "hand-waving" arguments do not prove that such 3-branes indeed exist. For instance, using a similar computation for strings, whose ends couple to 1-form fields, we would find that Dirichlet p-branes with any value of p are possible. However, only half of the p-branes of type II theories, and less in type I theory, can consistently couple to superstrings. If such a 3-brane exists, it would look like a 12 dimensional object, since a 2-form field in 3 + 1 dimensions is dual to a scalar. As in our analysis of strings and 2-branes in section 2, the membrane could then be interpreted as a 3-brane wrapped around the twelfth dimension, and the interaction of the membrane with the 3-brane would be simply a Nambu-Goto type interaction for the 3-brane. The relation of this observation to recent discussions of 12 dimensional theories [29, 12, 22] is still not clear.
